Abstract: Achieving the decoupling of electric CO 2 emissions from total electricity generation is important in ensuring the sustainable socioeconomic development of China. To realize this, China implemented market-oriented reforms to its electric power industry at the beginning of 2003. This study used the Tapio decoupling index, the Laspeyres decomposition algorithm, and decoupling-related data from 1993 to 2012 to evaluate the effect of these reforms. Several conclusions can be drawn based on the empirical analysis. (1) The reforms changed the developmental trend of the decoupling index and facilitated its progress towards strong decoupling. (2) The results forecasted through fitting the curve to the decoupling index indicate that strong decoupling would be realized by 2030. (3) Limiting the manufacturing development and upgrading the generation equipment of the thermal power plants are essential for China to achieve strong decoupling at an early date. (4) China should enhance regulatory pressures and guidance for appropriate investment in thermal power plants to ensure the stable development of the decoupling index. (5) Transactions between multiple participants and electricity price bidding play active roles in the stable development of the decoupling index.
Introduction
On 15 March 2015, the Central Committee of the Chinese Communist Party and the State Council promulgated a document entitled "Further strengthening the institutional reform of electric power industry" [1] . Following this document, six subsidiary documents were also released on 26 November 2015 [2] . Thus, the second round of market-oriented reforms for the electric power industry in China will enter the implementation phase in 2016. The current study aims to evaluate the effect of the first round of reforms in 2003 and develop recommendations to guide the present ones.
As a dual economy, the economic growth of China is greatly dependent on energy consumption, especially electricity. The causality between them has been proved by many researchers [3, 4] . To support economic growth, China developed a large electric power system. In 2014, total electricity generation of China was as high as 5649.58 TWh, accounting for 24% of the world's total electricity generation [5] . As this research focuses on the impact of the market-oriented reforms to China's electric power industry in 2003 to the relationship between electric CO 2 emissions and total electricity generation, EKC analysis is not adopted in this paper.
Decoupling refers to undoing the traditional link between two indicators. For the past several years, decoupling analysis has already been used to evaluate the strategies and actions of different regions and sectors to achieve the sustainable development of the economy and environment [23] [24] [25] . In this study, decoupling theory is used to analyze the correlation between electric CO 2 emissions and the total quantity of electricity generated in China. At present, two main decoupling indicators can quantify the correlation extent between the two variable changes, namely: the Organization for Economic Co-operation and Development (OECD) algorithm [26, 27] and the Tapio algorithm [28] . The present study adopts the latter indicator to facilitate the following decomposition analysis.
Aside from measuring the decoupling extent, knowing what caused these changes is also important, i.e., the changes of the decoupling extent should be decomposed to the quantitative impacts of different factors. The Logarithmic Mean Divisia Index [29] and Laspeyres [30] decomposition models are the widely used methods to solve this problem. These two models have similar functions but have fine differences in terms of the applicable conditions. The former cannot incorporate with negative values that lead to imaginary decomposition results (caused by logarithmic operation) and, as such, cannot be explained, whereas the latter does not have this limitation. Given that the calculated results of the decoupling index may be negative values, the latter is selected as the decomposition algorithm for the present study.
The remainder of this paper is organized as follows: Section 2 introduces the research methods and data used in this study, namely, the Tapio decoupling index, the Laspeyres decomposition algorithm, and decoupling-related data. Section 3 presents the modeling results. Section 4 discusses the abovementioned results. Section 5 concludes the study and proposes policy recommendations.
Methods and Data

Tapio Decoupling Index
According to the definition of Tapio [28] , the decoupling index (D) of electric CO 2 emissions (CE) from total electricity generation (TE) can be written as
where D (CE, TE) is the TE elasticity of CE. According to the concrete values of D (CE, TE) , ∆CE, and ∆TE, eight logical categories can be distinguished, as shown in Figure 1 .
The growth rates of CE and TE can be coupled, decoupled, or negatively decoupled. In order to avoid interpreting slight changes as significant, a˘20% variation of the elasticity values around 1.0 are still regarded as a coupling [28] . When the changes of CE and TE are both in a positive or negative direction, the coupling has two cases: expansive coupling and recessive coupling. For similar reasons, decoupling and negative decoupling have three cases each, namely, weak, strong, and recessive.
In the present study, category III (strong decoupling) is the expected result, that is, the electric CO 2 emissions decrease when the total electricity generation increases. One of the main goals of these reforms at the beginning of 2003 is to prompt the development of D (CE, TE) in the direction of strong decoupling.
where D(CE, TE) is the TE elasticity of CE. According to the concrete values of D(CE, TE), ΔCE, and ΔTE, eight logical categories can be distinguished, as shown in Figure 1 . Categories of coupling and decoupling (modified from [28, 31] ). Figure 1 . Categories of coupling and decoupling (modified from [28, 31] ).
Laspeyres Decomposition
According to the definition of the decoupling index of electric CO 2 emissions from total electricity generation, Equation (1) can further be written as
where EF and CF are the electricity generated by fossil energy and the installed generation capacity of fossil energy, respectively.
, and D pCF, TEq " ∆CF CF ∆TE TE , Equation (2) is then written as
Equation (3) is an identical equation. That is, the changes of D (CE, TE) should be attributed to the effects of D (CE, EF) , D (EF, CF) , and D (CF, TE) changes, which are denoted as ED (CE, EF) , ED (EF, CF) , and ED (CF, TE) , respectively. Thus,
According to the "jointly created and equally distributed" principle [32] , the decomposition algorithm of each influence factor should be written as
and
The positive and negative values of ED (CE, EF) , ED (EF, CF) , and ED (CF, TE) mean contributions to the increase and decrease of D (CE, TE) , respectively. Equations (5)- (7) are complete decomposition algorithms [32] , that is, the summation of ED (CE, EF) , ED (EF, CF) , and ED (CF, TE) should be equal to the change of D (CE, TE) .
Data Selection
The time period covered by the samples spans from 1993 to 2012, because the latest available decoupling-related data were from 2012, and the present study sought to balance the sample size before and after the market-oriented reforms in the beginning of 2003.
For the variables used in Equations (1)- (7), TE, EF, and CF were selected directly from the China Statistical Yearbook [6]. However, because China has never released its CO 2 emission data from the electric power industry, CE had to be obtained by converting the consumed fossil energies.
The fossil energy consumption data of the electric power industry in China was selected from the China Energy Statistical Yearbook [33] . The present study includes all consumed fossil energies, namely, coal, crude oil, fuel oil, and diesel oil.
When estimating CO 2 emissions by conversion, the net heating data of different fossil energies serve as the important intermediate values. Net heating factors usually have fine differences between different countries. The present study adopted a Chinese national standard called "General Principles for Calculation of Total Production Energy Consumption" (GB/T 2589-2008) [34] .
Using the selected fossil energy consumption data and the mean net heating factors offered by the above Chinese national standard, the net heating values of each fossil energy for each year were obtained. The Intergovernmental Panel on Climate Change (IPCC) has proposed CO 2 emission factors that can measure the CO 2 emissions by using the net heating values.
Then, the CO 2 emissions from each fossil energy for each year were obtained. By adding emission data of a year together, the CO 2 emissions from the electric power industry in China for that year were obtained. All data used for calculating the decoupling index and the decomposition results are listed in Table 1 . Table 1 . Annual data of CO 2 emissions (CE), total electricity generation (TE), electricity generated by fossil energy (EF), and installed generation capacity of fossil energy (CF). The unit of CE, TE, EF, and CF are million tons, billion kWh, billion kWh, and million kW, respectively.
Year
Results
Using Equation (1) and the data shown in Table 1 , the annual results of D (CE, TE) before and after the market-oriented reforms were obtained. Similarly, the annual results of D (CE, EF) , D (EF, CF) , and D (CF, TE) were also calculated as the intermediate values for decomposition. These results are all listed in Table 2 . Using data in Table 2 , the annual changes of D (CE, EF) , D (EF, CF) , and D (CF, TE) were easily calculated. The annual decomposition results of ED (CE, EF) , ED (EF, CF) , and ED (CF, TE) were obtained by inputting these annual changes and data in Table 2 into Equations (5)-(7). Table 3 lists the decomposition results. The summation of values from line 2 to line 4 of Table 3 is 0.6350. This result is equal to the change of D (CE, TE) from 1993 to 2002. In addition, the summation of line 6 to line 8 is equal to the D (CE, TE) change of 2003 to 2012. Thus, Equations (5)-(7) are proven to be complete decomposition algorithms.
Discussion
Outlier Analysis
Based on the threshold values shown in Figure 1 and data in Table 2 , the classification result of the decoupling indicator D (CE, TE) for each year was obtained. The results are shown in Table 4 . 1 .2327 for 1994, 1995, and 2001, respectively) approached the threshold (1.2), they had no difference to category I in essence. The only outlier was the decoupling result for 1997, which not only belonged to a category distinct from other samples but also was significantly smaller than others.
In the second half of 1997, a severe financial crisis broke out in Southeast Asia. China's exports were affected and appeared abnormal in 1998. From 1990 to 1997, the average annual increase rate of China's export was 16.68%. However, this rate was only 0.56% from 1997 to 1998 [6] . Manufactured goods accounted for over 85% of China's total exports, and most of which were electricity intensive. Therefore, the total electricity generation in the country by 1998 was also greatly affected and only increased by 2.08%, which was much lower than the average annual increase rate from 1990 to 1997 (8.98%) [6] . For the above reasons, the relative excess generation capacity appeared temporarily in 1998.
At that time, the market-oriented reforms had not yet been implemented. This meant that the electric power industry in China still adopted a "vertically integrated" management system [11] . The grid company bought electricity from power plants at a fixed price. The purchase prices of hydropower, thermal power, and nuclear power were about 0.2-0.4, 0.3-0.5, and 0.43 Yuan, respectively. When the excess generation capacity appeared in 1998, the dispatch department of the grid company first bought electricity from the hydropower, large thermal power, and nuclear power plants. When arranging the generation plan, the dispatch department did not take the small thermal power plants into account because of their higher generation cost (mainly caused by low generation efficiency). As a result, CO 2 emissions from thermal power plants decreased by 1.5 million tons in 1998, although the electricity generation increased by 20 billion kWh (Table 1) .
Aside from the development of non-fossil energy generation, controlling the output increase of manufactured goods and upgrading the generation equipment of the thermal power plants are important for decoupling CO 2 emissions from total electricity generation according to the outlier analysis.
Trend Analysis
To demonstrate the development trend of D (CE, TE) before and after the reforms, two linear equations were obtained by using the ordinary least squares algorithm to fit its annual results listed in Table 2 Figure 2 to analyze the development trend of decoupling extent of electric CO 2 emissions from total electricity generation.
As shown in Figure 2 , the outlier (1997) is located just in the middle position of the samples which are used to estimate the fitting curve before the reforms. Owing to this special position, it has no effect on the slope of the fitting curve, although increases the fitting error of Equation (8) . Figure 2 shows that the fitted curve before the reforms presents a slight upward trend, whereas the curve after the reforms is downward. Thus, the market-oriented reforms in China in 2003 have changed the developmental trend of the extent of decoupling electric CO 2 emissions from total electricity generation. The future decoupling extent can be forecasted by extrapolating the fitting curve after the reforms. Table 5 shows the forecasting results. The forecasting results of D (CE, TE) show that the electric CO 2 emissions of China will decouple from total electricity generation by 2030. Hence, with the growth of the total electricity generation, electric CO 2 emissions in China will increase with a progressively slower rate before 2030. The rate of increase in electric CO 2 emissions will reach 0 by 2030 at the same time that the emission amount reaches its peak. After 2030, the projected results of D (CE, TE) will be less than 0. Thus, electric CO 2 emissions will decrease, even if the total electricity generation increases.
China has once claimed that its CO 2 emissions will stop growing by the 2030s and then decrease gradually [35, 36] . Considering that the electric power industry is the single most important CO 2 emitter in the country, the above forecasting results show that this goal may well be achieved.
Decomposition Result Analysis
According to Equation (4), the change of D (CE, TE) can be decomposed to the effects of the changes of D (CE, EF) , D (EF, CF) , and D (CF, TE) . Figure 3 uses a histogram to demonstrate the above decomposition results. CO2 emitter in the country, the above forecasting results show that this goal may well be achieved.
According to Equation (4), the change of D(CE, TE) can be decomposed to the effects of the changes of D (CE, EF), D(EF, CF), and D(CF, TE) . Figure 3 uses a histogram to demonstrate the above decomposition results. As shown in Figure 3 , the amplitude of ED (CF, TE) was not significantly affected by the reforms, whereas the amplitudes of ED (CE, EF) and ED (EF, CF) were different.
Using data in Table 3 , the present study illustrates that the variance of ED (CE, EF) after the reforms (0.0931) is much smaller than that before the reforms (0.3345); this difference implies that the quantitative relationship between electric CO 2 emissions and electricity generated by fossil energy became more stable after the market-oriented reforms in 2003. To achieve this effect, the generating efficiency of thermal power plants should remain relatively stable after the reforms. Although the unified electricity bidding market was not yet complete, the market-oriented reforms in 2003 partly changed the traditional planned electricity dispatch and partly introduced competition into the arrangement of the generation plan. This change allowed the generating efficiency to become more stable than before, thus reducing the variance of ED (CE, EF) . The document "Further strengthening the institutional reform of electric power industry," as promulgated by the Central Committee of the Chinese Communist Party and the State Council on 15 March 2015, clearly indicated that China must encourage the transactions between multiple participants [1] . Furthermore, a unified electricity price bidding market is also expected to be completed in the future. These policies shall further enhance the influence of market competition in electricity dispatch and ultimately help to more steadily decouple electric CO 2 emissions from total electricity generation.
Contrary to ED (CE, EF) , the variance of ED (EF, CF) after the reform (0.4775) is larger than that before the reforms (0.2029). This difference means that the quantitative relationship between the electricity generated by fossil energy and installed generation capacity of fossil energy became more unstable after the reforms. As a result, relative surplus and shortage of thermal power generation capacity appeared more frequently and with a greater impact. After the market-oriented reforms in 2003, more investors were permitted to build new thermal power plants. Moreover, the existing investors were granted more investment autonomy. The above results prove that investments in the thermal power industry are more disordered than before, and the effect of the market mechanism for this issue is not satisfactory.
Keeping ED (CE, EF) , ED (EF, CF) , and ED (CF, TE) steady helps D (CE, TE) to decrease steadily until electric CO 2 emissions decoupling from total electricity generation as is expected in the future. At present, the key is to enhance regulation and guidance relating to investments made in the thermal power industry. Furthermore, transactions between multiple participants and electricity bidding play active roles in this process.
Conclusions
At the beginning of 2003, China implemented market-oriented reforms to its electric power industry. One of the main goals of these reforms is to achieve the decoupling of electric CO 2 emissions from total electricity generation.
The current study used the Tapio decoupling index, Laspeyres decomposition algorithm, and decoupling-related data from 1993 to 2012 to evaluate the effect of the reforms. Several conclusions can be drawn from empirical analysis. (1) The market-oriented reforms in 2003 changed the developmental trend of the decoupling index from upward to downward. As expected, the present development trend of decoupling index is directed towards strong decoupling. (2) The future decoupling index can be forecasted by trend extrapolation of the fitting curve. According to the forecasting results, strong decoupling can be realized by 2030. After 2030, the electric CO 2 emissions will decrease, even if the total electricity generation increases. (3) Given that manufacturing consumes a large share of electricity, limiting its development can reduce the usage of inefficient thermal power plants and help China to achieve strong decoupling at an early date. Furthermore, upgrading the generation equipment of thermal power plants has a similar effect. (4) At present, the main uncertainty of the decoupling index development comes from the disorder of investments in thermal power plants. Therefore, China should enhance existing regulation and guidance for these investments. (5) Transactions between multiple participants and electricity bidding can further enhance the influence of the market in electricity dispatch, and ultimately help the decoupling index to develop smoothly.
